We used advanced electron microscopy techniques to study the microstructure of Ag-based conductive adhesives, which are promising alternatives to Pb-free solders. Systematic microscopy observations revealed the development of connections between Ag agglomerates, when the weight density of Ag (Ag content) was increased up to 92 mass%. However, in a sample containing 94 mass% Ag, disconnection between well-defined Ag agglomerates and/or formation of voids between Ag-filler particles were observed. These results appeared to be consistent with the plot of resistivity versus Ag content: the resistivity decreased to a minimum value at 92 mass% Ag. We also demonstrated the formation of very small Ag particles in a thin-foil specimen subjected to electrical breakdown. This microscopic observation may be useful for understanding the process of electric breakdown in thin-foil specimens.
Introduction
Development of new packaging materials such as Pb-free solders is of particular importance in materials science and engineering. As a result of the extensive research pursued in this regard in the last decade, Pb-free solders have been developed as alternatives to several types of conventional solders. 1, 2) However, the design of a Pb-free solder that is resistant to high temperatures (up to 573 K) remains a challenge.
3) Ag-based conductive adhesives, which consists of an insulating epoxy resin and conductive Ag fillers, have attracted considerable attention because they are promising alternatives to Pb-free solders. [4] [5] [6] [7] The electric resistivity of a cured Ag-based conductive adhesive (in commercial products) is of the order of 10 À5 Ácm, which is higher than that of metallic solders by two orders of magnitude. To increase the number of application of Ag-based conductive adhesives, the resistivity should be further reduced, at least to the order of 10 À6 Ácm. In this context, a microstructural analysis of the cured Ag-based conductive adhesive is important. Microstructural observations provide useful information that helps understand the mechanism of local conduction, which may be strongly affected by the form of agglomerations made of Ag fillers.
An unclear aspect related to the mechanism of conduction in Ag-based conductive adhesives is the relationship between the weight density of the Ag fillers and the resistivity. The resistivity decreases monotonically when the weight density of Ag (Ag content) is increased up to 92 mass%; however, with a further increase in the weight density, the resistivity starts to increase, as demonstrated in Fig. 1 : refer to the section of experimental procedure for details of the resistivity measurement. The reason for this unexpected phenomenon is not yet fully understood. Electron microscopy observations, which reveal the dispersion of Ag fillers in those specimens, may provide important information that helps in the analysis of these anomalous resistivity plots. Our electron microscopy study has been motivated by this unexpected behavior of Agbased conductive adhesive.
In situ electron microscopy observations can be carried out on Ag-based conductive adhesives to identify the microstructural changes that may be caused by the application of strong electric current. Some of the present authors have carried out simultaneous observations of the microstructure and the current-voltage (I-V) characteristics 8) of thin-foil specimens of Ag-based conductive adhesive. They conducted an in situ experiment by using a special equipment called double-probe piezodriving holder, 9, 10) which is ideal for carrying out conductivity measurements in a nanometer-scale area. On the basis of transmission electron microscopy (TEM) studies, they reported a close relationship between the morphological changes in the Ag fillers (probably caused by application of electric current) and the irreversible I-V characteristics of the specimen. We further expect that a microscopy observation offers a clue to understand the process of electric breakdown [11] [12] [13] which is caused by an excess voltage. For example, TEM observations may provide useful information about the conduction paths and/or the region of the specimen showing a significant temperature increase when excess current is applied to the specimen. This further motivated us to perform in situ TEM observations on Ag-based conductive adhesives. This paper reports two types of microstructural investigations on Ag-based conductive adhesives: (1) investigation of the relationship between the resistivity and changes in the internal structure (e.g., feature of dispersion of Ag fillers); (2) investigation of microstructural changes caused in the Ag fillers (in the form of thin films) when a high electric field of more 10 6 V/m is applied. The results of these observations can be used to obtain a thorough understanding of the mechanism of local conduction in Ag-based conductive adhesives.
Experimental Procedure
In this study, two types of Ag-based conductive adhesive specimens were employed: XA-5613 and XA-5617. The former (XA-5613), which comprised flaky Ag fillers, was used for a systematic study of the relationship between the internal structure and the resistivity. XA-5613 specimens containing 80 mass%, 88 mass%, 92 mass%, and 94 mass% Ag fillers were prepared for SEM and TEM observations. XA-5617 specimens were used to carry out in situ TEM observations of the microstructural changes occurring upon the application of an applied voltage. The particle size and the resin composition of those specimens are summarized in Table 1. Note that the particle size is presented in terms of the median diameter d 50% , which is graphically determined by the midpoint in the plot of the particle-size distribution. XA-5617 contained two types of Ag particles with different median diameter (particle type I: 6.7 mm, and particle type II: 0.7 mm), while the other specimens of XA-5613 had only one type of Ag particles (7.0 mm). Both of these Ag-based conductive adhesives, XA-5613 and XA-5617, were pasted and cured on Cu substrate. The curing condition was at 423 K for 60 min.
The resistivity data shown in Fig. 1 were obtained by using the specimens (XA-5613) containing 80 mass%, 85 mass%, 86.5 mass%, 88 mass%, 92 mass%, and 94 mass% Ag fillers. The resistivity was determined by the four-terminal method in a constant electric current of 10 mA. The width and thickness of the specimens used in the resistivity measurements were 10 mm and 0.03 mm, respectively. The spacing between two probes to measure the potential drop (used in the four-terminal method) was 60 mm.
The specimens for TEM observations were made into thin foils by using a focused ion beam (FIB) apparatus (JEM-9310 FIB) ( Fig. 2(a) ). The thickness of the thin foils, which were used in conventional TEM observations, was approximately 100 nm. The method of preparation of another type of thin film for use in conduction measurements will be mentioned later in the text. Bright-field images of the thin foils were recorded by using a JEM-3000F transmission electron microscope. High-angle annular dark-field scanning TEM (HAADF-STEM) images were acquired by using an FEI Titan 80-300 transmission electron microscope. Chemical analysis of the specimens was performed by energy-dispersive X-ray spectrometry (EDS) using the abovementioned FEI Titan 80-300 microscope. The acceleration voltage was 300 kV in all the TEM observations that were carried out in this study. The microstructures of the cured samples were observed by scanning electron microscopy (SEM) using a HITACHI-S4100 apparatus. The SEM images were obtained by using secondary electrons. A different method of specimen preparation was adopted for the experiment in which voltage was applied to the thin foils. As shown schematically in Fig. 2(b) , a thin foil (300 nm in thickness) was sliced off from the bulk sample of Ag-based conductive adhesive by using the FIB apparatus and a glass manipulator. The thin foil was put on a Pt-Ir probe tip. The needle was fixed to a plate made of Cu (Cu base) in the double-probe piezodriving holder (Fig. 2(c) ). The holder has two microprobes, both of which can be manipulated in three dimensions. 9) A Keithley 2420 electric power supply was used in the experiment. Figure 3 shows the SEM images of the specimens containing (a) 80 mass%, (b) 88 mass%, (c) 92 mass%, and (d) 94 mass% Ag. 14) Bright portions in the images represent Ag fillers. The dark portions represent the epoxy resin and/or the void produced during curing. In all the specimens, the Ag fillers are found to form agglomerates of the order of 1-10 mm. The portion of the bright area appears to increase with an increase in the Ag content. More importantly, the observations indicate a close relationship between the dispersion of the agglomerates and the resistivity plot shown As shown in Fig. 3(c) , there exists a wide area that includes a large number of Ag agglomerates. Interestingly, the resistivity is really minimized near the point of 92 mass%, as shown in Fig. 1 . In contrast, a distinctive phenomenon is observed upon further addition of Ag fillers to this specimen. As shown in Fig. 3(d) , the specimen with 94 mass% Ag includes well-defined, dense agglomerates whose sizes are of the order of 10 mm. However, several of these agglomerates are likely to be separated by dark regions, which represent the voids and/or the naked epoxy resin. The difference in the microstructure can be discerned by another set of SEM images obtained in a higher magnification: refer to Fig. 3(e) and Fig. 3 (f), which were collected from the specimens containing 92 mass% and 94 mass% Ag, respectively. As shown in Fig. 3(e) , the connection of Ag agglomerates (bright portions) appears to be well developed in the specimen of 92 mass%. Although the size of Ag agglomerates is quite large in Fig. 3 (f), they are surrounded by the well-defined insulator portions (dark portions). It is interesting to note that a slight change in the Ag content (92 mass% in Fig. 3 (e) and 94% in Fig. 3(f) ) results in the change as mentioned above in the microstructure. We anticipate that the disconnection of the agglomerates is a reason for the increase in resistivity observed in the heavily doped region (Ag content: >92 mass%). TEM observations as well provide useful information in understanding the microstructure of Ag-based conductive adhesives, although the images reveal only a limited area on the cured specimens. As shown in Fig. 4(a) , which shows the image of the specimen containing 88 mass% Ag, the thin-foil region contains Ag fillers (the filler particles are stacked parallel to the surface of the Cu substrate) and the epoxy resin. Only a small number of intrinsic voids was observed in this specimen. Both the upper-right and lower-right portions were drop off the specimen when it was thin-foiled by using the FIB apparatus. The intrinsic voids, which must have been formed during the curing process, were more frequently observed in the specimens with a high density of Ag (for example, see the small void shown in the specimen with 92 mass% Ag (Fig. 4(b) ). Voids occurred more frequently in the specimen containing 94 mass% Ag: the thin-foiled specimen showed a peculiar structure with many empty portions (Fig. 4(c) ). The void formation makes the Ag filler particles detached from the epoxy resin which may mediate electric conduction when a very large voltage is supplied. Accordingly, the void formation appears to be another plausible mechanism explaining for the anomalous resistivity increase shown in Fig. 1 (>92 mass%) . Note that the interface between the Ag fillers in Fig. 4(a) is not as smooth as that between the fillers shown in Figs. 4(b) and 4(c) . This was due to a chemical reaction (e.g., oxidization of the Ag fillers), which probably occurred as a result of prolonged exposure of the specimen shown in Fig. 4(a) to air at ambient temperature. No such reaction occurred in the other two specimens, as they were used for microscopy observations immediately after the FIB polishing.
Results and Discussion

Correlation between microstructure and anomaly in resistivity plot
In short, our electron microscopy observations have revealed two important features of the microstructures of Ag-based conductive adhesives. First, with an increase in the Ag content, connections may be developed between the Ag agglomerates, as demonstrated by the SEM images in Figs. 3(a)-(c) . This trend is consistent with an idea of the percolation of individual metallic portions; the rate of percolation is expected to increase with the concentration of the Ag fillers. The second character is of the disconnection between well-defined Ag agglomerates and/or the formation of voids between Ag-filler particles, both of which suppress the electric conduction. Accordingly, the resistivity of Agbased conductive adhesives should be affected by the crossover of these two competing features. It is reasonable to conclude that the anomalous increase in the resistivity when the weight density of Ag exceeds 92 mass% is attributed to the second feature.
3.2 Microstructural analysis of specimen subjected to electric breakdown As mentioned in Introduction, in situ electron microscopy observation of electric conduction events in Ag-based conductive adhesives is also an interesting subject of research. The TEM observations in our recent study revealed the occurrence of morphological changes in the Ag fillers used in Ag-based conductive adhesives; such changes appear to influence the resistivity of these adhesives. 8) In the present paper, we give a brief report of another application of in situ Fig. 4 (a), (b) , (c) Bright-field images of cross-sectional specimens containing 88 mass%, 92 mass%, and 94 mass% of Ag fillers.
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observations performed using a double-probe piezodriving holder. The results in these observations have been obtained by using a thin-foil specimen. Nevertheless, the obtained results provide useful information for obtaining a thorough understanding of the behavior of Ag fillers under the influence of high current. Figure 5 (a) shows the experimental setup. A piece of the thin-foil specimen was pasted onto the tip of a Pt-Ir needle, which was grounded, by using a W deposition tool. This needle was placed in the double-probe piezodriving specimen holder. An anode probe (made of a Pt-Ir needle) was brought in contact with a portion of the thin-foil specimen. Thus, an electric circuit such that shown in Fig. 5(a) was completed in the transmission electron microscope. Details of the experiments, such as the techniques used for surface cleaning of the probe tip, are provided in our recent paper. Figure 5 (c) shows the electron micrograph observed after supplying a voltage of 5 V, which resulted in electrical breakdown in the thin-foil specimen. After the electrical breakdown, several portions of the Ag agglomerates and the epoxy resin were probably destroyed. Furthermore, because of the breakdown, several agglomerates became spherical in shape, as indicated by the blue arrows. Small regions in dark-gray contrast can be seen near the empty parts (destroyed by the electric breakdown), as indicated by the red arrow. It should be noted that the current density of incident electrons, which were used in the image acquisition, was only 1 A/m 2 . This is much smaller than the current density, 10 5 A/m 2 , supplied to the specimen in the electric measurement as shown in Fig. 5 . Furthermore, we could not observe an appreciable change in the microstructure with the exposure of the incident electrons only (without an applied voltage to the specimen). As far as these results are considered, the effect of incident electrons on the microstructure can be negligible in this experiment, and the result in Fig. 5(c) can be attributed to the electric current/voltage supplied from the probe tip. Figure 6 (a) shows a HAADF-STEM image of a portion in the dark-gray contrast, such as the one indicated by the red arrow in Fig. 5(c) . In general, the brightness of a HAADF-STEM image increases with the atomic number of constituents. This characteristic feature indicates that the bright dots in Fig. 6(a) confirms that the bright dots represent Ag particles. The C-K line originated from the C atoms in the epoxy resin, and presumably from a small amount of contaminants in the specimen. The dispersion of these small Ag particles, whose diameter is of the order of a few nanometers, implies a significant temperature increase during the electrical breakdown. Because of this temperature increase, the Ag fillers melt and/or evaporate within a short time. These observations further indicate that such a significant temperature increase occurred in a small area near the electrode. In other words, we expect the distribution of the Ag particles (and/or related changes in the microstructure) to be indicative of the electric current path during electrical breakdown.
Summaries
We performed electron microscopy observations to observe the microstructure of Ag-based conductive adhesives. The results obtained in the present study are summarized as follows.
(1) SEM observations reveal that with an increase in the weight density of Ag (up to 92 mass%) in the specimens, connections are formed between the Ag agglomerates. However, in the specimen containing 94 mass% Ag, several agglomerates appear to be disconnected by the epoxy resin and/or the voids that are probably formed during curing. TEM observations imply an increase in the number of voids within the cured Ag-based conductive adhesive when the weight density of Ag is increased.
(2) The aforementioned results indicate that the resistivity of Ag-based conductive adhesives is affected by the crossover of the two tendencies, both of which are sensitive to the Ag content: (a) development of connections between the metallic agglomerates, and (b) disconnection between welldefined Ag agglomerates and/or the formation of voids between Ag-filler particles. It appears that the anomalous increase of resistivity, observed in the specimen containing 94 mass% Ag, can be attributed to the second tendency that is significant in the range of high Ag content.
(3) The observations carried out after applying a high voltage to a thin-foil specimen reveal the formed nanometersized Ag particles, which were dispersed in the epoxy layer.
These particles must have been produced by the electrical breakdown in the thin-foil specimen. This implies that the changes in the microstructures of Ag-based conductive adhesives (e.g., dispersion of the Ag particles) can be used to identify possible conduction paths in the sample in the face of electrical breakdown.
